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We report studies of charge-independent (CI) and charge-dependent (CD) two-particle differen-
tial number correlation functions, R2 (∆η,∆ϕ), and transverse momentum correlation functions,
P2 (∆η,∆ϕ) of charged particles produced in Pb–Pb collisions at the LHC centre-of-mass energy√
sNN = 2.76 TeV with the UrQMD, AMPT and EPOS models. Model predictions for R2 and P2
correlation functions are presented for inclusive charged hadrons (h±) in selected transverse mo-
mentum ranges and with full azimuthal coverage in the pseudorapidity range |η| < 1.0. We compare
these predictions for the strength, shape, and particularly the width of the correlation functions
with recent measurements of these observables by the ALICE collaboration. Our analysis indicate
that comparative studies of R2 and P2 correlation functions provide valuable insight towards the
understanding of particle production in Pb–Pb collisions. We find, in particular, that these models
have quantitatively different predictions for these three observables but none reproduce the mea-
sured correlation functions reported by the ALICE collaboration. Accounting for quantum number
conservation in models, particularly charge conservation, is mandatory to reproduce the detailed
measurements of number and transverse momentum correlation functions.
PACS numbers: 25.75.Gz, 25.75.Ld, 24.60.Ky, 24.60.-k
I. INTRODUCTION
Integral and differential correlation functions measure-
ments are essential tools for the study of proton-proton
(pp) and heavy-ion (A–A) collisions at relativistic en-
ergies. Azimuthal correlations functions have provided
evidence for the existence of anisotropic flow in A–A col-
lisions [1–8], (approximate) quark scaling of flow coef-
ficients in A–A collisions at RHIC and LHC [7, 9–11],
as well as evidence for the presence of long range cor-
relations in smaller systems such as pp and p–A colli-
sions [12–17]. Differential two-particle (number) corre-
lation functions have also enabled the discovery of jet
quenching at RHIC [18, 19] and its detailed character-
ization in A–A collisions at both RHIC and LHC [20].
Many other correlation functions, including number and
transverse momentum correlation functions [21, 22] have
been studied at RHIC and LHC to better understand the
particle production dynamics and elucidate the proper-
ties of the matter produced in pp and A–A collisions [23–
28]. Among these, the recent measurements [29] of num-
ber correlation, R2, and differential transverse momen-
tum correlation, P2, defined in Sec. II, have enabled in-
dependent confirmation of the collective nature of the
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azimuthal correlations observed in Pb–Pb collisions [30],
as well as the identification of noticeable differences in
the ∆η and ∆ϕ dependence of these correlation func-
tions. Indeed, measurements by the ALICE collabora-
tion [29, 30] show that the near-side peak of both charge
independent (CI) and charge dependent (CD) correla-
tions is significantly narrower, at any given A–A collision
centrality, in P2 than in R2 correlation functions in both
longitudinal and azimuthal directions. This confirms [31]
that comparative measurements of P2 and R2 correlation
functions may provide additional sensitivity to the under-
lying particle production mechanisms involved in heavy
ion collisions.
In this work, we compare calculations of the R2
and P2 correlation functions with the UrQMD [32–34],
AMPT [35], and EPOS [36–38] models with the mea-
surements recently reported by the ALICE collabora-
tion [29, 30]. We seek, in particular, to establish whether
these models can reproduce the distinctive features of
CD and CI combinations of these correlation functions.
In Pb–Pb collisions at
√
sNN = 2.76 TeV, the correlators
feature distinctive near- and away-side structures, each
with their specific dependence on collision centrality. The
ALICE collaboration reported that the near-side of the
P2 correlator is typically much narrower than that of its
R2 counterpart [29, 30]. Additionally, the width of the
near-side peak of CD correlation functions is observed to
narrow considerably from peripheral to central collisions
while the CI correlation functions exhibit broadening and
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2a significant change of shape in more central collisions.
We study the differential correlation functions R2 and
P2 in Pb–Pb collisions with a particular focus on charged
particles produced in the range 0.2 < pT ≤ 2.0 GeV/c
reported by the ALICE collaboration [29, 30]. At very
large collision energy, the yield of anti-particles and parti-
cles are nearly equal and so are, essentially, correlators of
same sign particles, i.e., measured correlators for (+,+)
and (−,−) pairs are essentially indistinguishable. But
conservation laws, including (electric) charge conserva-
tion, baryon number conservation, strangeness conserva-
tion, as well as energy-momentum conservation signifi-
cantly constrain the particle production. Interesting in-
sight may be thus provided by comparing same- (LS) and
opposite-sign (US) particle pairs, e.g., h+h+ and h+h−,
or baryon-baryon and baryon-anti-baryon particle pair
correlations. We also study predictions of the models
for charge independent (CI) and charge dependent (CD)
combinations of the LS and US correlation functions.
The differential correlation functions R2 and P2 are
sensitive to mechanisms of particle production and trans-
port in pp, p–A, and A–A collisions. For instance, the
fragmentation of jets is known to yield a somewhat nar-
row correlation peak in ∆η vs. ∆ϕ coordinates, while
back-to-back jet production leads to a relatively broad
away-side correlation structure centered at ∆ϕ = pi and
typically extending over a wide range of pseudo-rapidity
differences. Additionally, two-prong decays of resonances
at rest would also, nominally, yield back-to-back two-
particle correlation structures. In practice, thermal and
strong radial flow fields produced in A–A collisions kine-
matically focus progeny particles into a relatively narrow
near-side peak surrounding ∆η = 0, ∆ϕ = 0. Further-
more, initial spatial anisotropy, particularly in heavy A–
A systems, is known to generate considerable pressure
gradients that drive anisotropic particle production in the
transverse plane of these collisions. Such anisotropies,
characterized by vn, n ≥ 2, flow coefficients are found to
extend over a very wide range of rapidity differences at
RHIC and LHC energies. Recent ALICE measurements
and comparison of P2 and R2 correlators in fact pro-
vided further support to the notion that azimuthal (i.e.,
∆ϕ) modulations find their origin in the initial spatial
anisotropy and geometry of colliding nuclei [30]. The in-
tegral of the P2 correlator is the transverse momentum pT
correlations and can be formulated in terms of the fluc-
tuations in the inverse slope parameter of the pT spectra
(effective temperature) by the following relation [39]:
〈∆pT ∆pT 〉 ≈
[
d〈pT 〉
dT
]2
∆T 2, (1)
where ∆T 2 describes the fluctuation in the inverse slope
parameter. This quantity is believed to be sensitive to
the heat capacity and specific heat of the system [40].
We therefore seek to find out whether the AMPT,
UrQMD, and EPOS models can quantitatively repro-
duce observed near-side peak structures at different colli-
sion centralities, wide away-side correlation strength ex-
cess (a.k.a. away-side ridge), and strong ∆ϕ modula-
tions in mid- to central A–A collisions. However, given
its ∆pT∆pT dependence, one also expects that correla-
tion structures observed with P2 should be qualitatively
different than those observed with R2. Specifically, by
virtue of this dependence on ∆pT∆pT, P2 is sensitive
to the hardness of the correlated particles. On the one
hand, if correlations are dominated by a preponderance
of particle pairs with pT > 〈pT〉 or pT < 〈pT〉, then P2
is expected to be positive definite. On the other hand,
if correlations are dominated by pairs featuring one par-
ticle with pT > 〈pT〉 and the other with pT < 〈pT〉,
then P2 is expected to feature negative values on aver-
age. Furthermore, a change from positive to negative
values is expected as a function of ∆η and ∆ϕ in the
vicinity of the near-side peak for correlations involving
jet fragments with a specific pT vs. θ ordering (θ being
the angle of particle emission relative to the initial par-
ton direction) as shown in Ref. [41]. Such change from
positive to negative values might also be observed in the
presence of resonance decays with large radial boost [42].
Either way, the presence of such a shift from positive to
negative values vs. ∆η and ∆ϕ is expected to lead to
a narrower near-side peak in P2 correlations than in R2
correlations. The width difference, however, should be
sensitive to the details of the jet angular ordering and/or
the relative magnitude of resonance decay contributions
to these correlators. Finally, CD combinations of P2 and
R2 correlators (of US and LS pairs) should have, for the
same reasons, much additional sensitivity to the pres-
ence of charge balancing pairs (i.e., pairs of negative and
positive particles produced by a common charge conserv-
ing process). Differences between the P2 and R2 corre-
lators are thus expected to exhibit good sensitivity to
the details of the particle production. Given the three
models considered in this work feature varying degrees
of jet and resonance production, it is thus of interest to
find out whether they can reproduce the strength, width,
and shape of near-side correlation peaks, the presence
of a ∆η extended away-side correlation ridge, as well as
the strong elliptic and triangular ∆ϕ modulations ob-
served experimentally in Pb–Pb collisions [29]. Addi-
tionally consider that although it is clearly of interest to
study the pT dependence of the shape and magnitude of
the P2 and R2 correlators, the relatively small samples
of AMPT, UrQMD, and EPOS events available for this
study severely limit the pT range that can meaningfully
be studied, particularly for CD combinations of the cor-
relators. This study thus focuses on correlation functions
of relatively low pT particles exclusively. Should larger
event sets produced with these models become available,
it would in principle be of interest to extend this work to
higher pT ranges. In practice, however, and as we shall
demonstrate, the low pT particle correlation functions
predicted by these models differ considerably from those
reported by the ALICE collaboration. It is thus some-
what doubtful whether studies of additional pT ranges
would shed much additional light on their respective per-
3formances.
This paper is organized as follows. Section II presents
definitions of the R2 and P2 correlation functions studied
in this work and describes how they are computed. The
UrQMD, AMPT, and EPOS models, and the conditions
under which they were used to generate Pb–Pb events,
are briefly described in Sec. III. Predictions by the models
for the correlation functions are presented in Sec. IV and
conclusions are summarized in Sec. V.
II. CORRELATION FUNCTIONS DEFINITION
The R2 and P2 correlation functions (hereafter also
called correlators) are defined in terms of single and two
particle densities expressed as functions of the particles
pseudorapidity η and azimuthal angle ϕ
ρ1 (η, ϕ) =
1
σ
d2σ
dηdϕ
, (2)
ρ2(η1, ϕ1, η2, ϕ2) =
1
σ
d4σ
dη1dϕ1dη2dϕ2
, (3)
where σ represents the inelastic cross-section.
The R2 correlator is defined as a two-particle cumulant
normalized by the product of single particle densities ac-
cording to
R2(η1, ϕ1, η2, ϕ2) =
ρ2(η1, ϕ1, η2, ϕ2)
ρ1(η1, ϕ1)ρ1(η2, ϕ2)
− 1, (4)
whereas the P2 correlator is defined in terms of the mo-
mentum correlator 〈∆pT∆pT〉 normalized by the square
of inclusive mean transverse momentum, 〈pT〉, to make
it dimensionless
P2(η1, ϕ1, η2, ϕ2) =
〈∆pT∆pT〉(η1, ϕ1, η2, ϕ2)
〈pT〉2
. (5)
The 〈∆pT∆pT〉 differential correlator [31] is defined ac-
cording to
〈∆pT∆pT〉(η1, ϕ1, η2, ϕ2) =
∫ pT,max
pT,min
dpT,1dpT,2ρ2(~p1, ~p2)∆pT,1∆pT,2∫ pT,max
pT,min
dpT,1dpT,2ρ2(~p1, ~p2)
(6)
where ∆pT,i = pT,i − 〈pT〉 and 〈pT〉 is the inclusive
mean transverse momentum defined according to 〈pT〉 =∫ pT,max
pT,min
ρ1pTdpT/
∫ pT,max
pT,min
ρ1dpT.
The correlators R2 and P2 are reported as functions
of the differences ∆η = η1 − η2 and ∆ϕ = ϕ1 − ϕ2 by
averaging across the mean pseudo-rapidity η¯ = 12 (η1+η2)
and the mean azimuthal angle ϕ¯ = 12 (ϕ1+ϕ2) acceptance
according to
O(∆η,∆ϕ) =
1
Ω(∆η)
∫
O(η1, ϕ1, η2, ϕ2)δ(∆ϕ− ϕ1 + ϕ2)dϕ1dϕ2 × δ(∆η − η1 + η2)dη1dη2, (7)
where O represents either of the R2 or P2 correlators
and Ω(∆η) is the width of the acceptance in η¯ at a given
value of ∆η. The angle difference ∆ϕ is calculated mod-
ulo 2pi and shifted by −pi/2 for convenience of representa-
tion in the figures. The analysis is carried out for charge
combination pairs (+−), (−+), (++), and (−−) sepa-
rately. Like-sign pairs correlations are averaged to yield
LS correlators, LS = 12 [(++) + (−−)], and US correla-
tors are obtained by averaging (+−) and (−+) correla-
tions, US = 12 [(+−) + (−+)]. The LS and US correlators
are then combined to yield charge-independent (CI) and
charge-dependent (CD) correlators defined according to
O(CI) =
1
2
[
O(US) +O(LS)
]
, (8)
O(CD) =
1
2
[
O(US) −O(LS)
]
, (9)
respectively. The CI correlator measures the average of
all correlations between charged particles while the CD
correlator is sensitive to the difference between US and
LS pairs and is as such determined largely by charge con-
servation. It is interesting to notice that the R2(CD)
correlator is strictly proportional to the charge balance
function (BF) [24] when the yields of positive and nega-
tive particles are equal [43].
4III. MONTE CARLO MODELS
We compare and contrast the R2 and P2 ALICE
measurements in Pb–Pb collisions at
√
sNN = 2.76
TeV [29, 30] with predictions from the AMPT, UrQMD,
and EPOS models. All three models have had consid-
erable successes in describing features of measured data
at RHIC and the LHC but have also encountered limita-
tions [44]. In this work, our goal is to find out whether
they can also reproduce, at least at a qualitative level,
the structure and features of the R2 and P2 correlation
functions reported by the ALICE collaboration and, more
particularly, differences in the shape and width of their
near-side peak structures.
The Ultra-relativistic Quantum Molecular Dynamics
model (UrQMD) [45] is a microscopic many-body trans-
port model initially designed to study hadron-hadron,
hadron-nucleus and heavy-ion collisions from ELab = 100
A·MeV to √sNN = 200 GeV. It was enhanced to include
an intermediate hydrodynamical stage (hybrid configu-
ration) [34] to describe the hot and dense medium pro-
duced in heavy-ion collisions at top RHIC energy and
the LHC. The original and hybrid versions of the model
have proven successful in describing features of datasets
acquired at SPS, RHIC, and LHC energies [46, 47]. Our
analysis is based on ∼ 340K minimum bias events gen-
erated with the hybrid configuration of UrQMD Version
3.4. The equation of state used during the hydrodynam-
ical evolution includes a crossover deconfinement phase
transition.
AMPT [35] is a multi-phase transport consisting of sev-
eral components of pre-existing codes such as the Heavy
Ion Jet Interaction Generator (HIJING) for generating
the initial conditions, Zhang’s Parton Cascade (ZPC) for
modeling partonic scatterings, the Lund string fragmen-
tation model or a quark coalescence model for hadroniza-
tion, and A Relativistic Transport (ART) model for
treating hadronic scatterings. It has had relative success
in reproducing several observables measured in heavy-
ion collisions at both RHIC and LHC energies, including
single-particle transverse momentum spectra of light par-
ticles [47, 48] and the strength of transverse anisotropy
harmonics [35, 49]. However, it has encountered miti-
gated success in the prediction of correlation and fluc-
tuation observables [44]. AMPT can be operated in dif-
ferent modes (rescattering on/off, string-melting on/off)
but our analysis is here limited to rescattering-on (RON)
and string-melting-on events (SON). A total of ∼ 200K
RON/SON minimum bias events were generated and
used towards the production of the correlation functions
presented in this work. Note, however, that the version
ampt-v1.26t7-v2.26t7 used in this work is known to vi-
olate charge conservation in specific cases. We thus do
not expect it should properly describe the detailed shape
and strength of CD correlators but it might nonetheless
be successful in describing the general features of CI cor-
relation functions as well as salient features of the CD
correlation functions.
The EPOS model implements a multiple scattering
approach based on partons and Pomerons (parton lad-
ders), with special emphasis on high parton-densities [36–
38, 50]. In its latest version [51], EPOS3 also implements
a prescription to distinguish core and corona zones of
particle production within the colliding nuclei. The low-
density region, i.e., the corona, is treated using Regge
theory to compute the particle production, whereas the
high-density region, known as the core, is described with
hydrodynamic equations of motion. A Cooper-Frye pre-
scription is used to implement the production of hadrons
by the core component. This core/corona model has
had considerable success in reproducing features of pp
and d–Au collisions. With the addition of this core
corona distinction, the model has also had good suc-
cess in reproducing the centrality evolution of resonance
and strange particle production in heavy collision sys-
tems [51]. It also reproduces anisotropic flow features
reported by many experiments. While the core compo-
nent of the model does not properly handle charge con-
servation on an event-by-event basis and is thus not ex-
pected to reproduce features of CD correlations, we seek
to find out whether it can reproduce the main features
of CI correlation functions as well as the main features
of CD correlators. A total of ∼ 320K minimum-bias
Pb–Pb EPOS3 events, generated on the University of
Texas Stampede supercomputer and requiring in excess
of 100,000 CPU hours, were processed in this analysis.
Model parameters used for the generation of events an-
alyzed in this work are identical to those used in [51]
(UrQMD on). Herein, we refer to the EPOS3 model as
EPOS for the sake of simplicity.
IV. MODEL PREDICTIONS
Predictions from the UrQMD, AMPT, and EPOS
models for the R2 and P2 correlators obtained in Pb–Pb
collisions at
√
s
NN
= 2.76 TeV are compared to ALICE
measurements [29, 30] in Figs. 1–8 for three represen-
tative multiplicity classes corresponding to 0–5% (most
central collisions), 30–40% (mid-central collisions) and
70–80% (peripheral collisions) fractions of the interac-
tion cross section. For the sake of simplicity, and with-
out sizable bias, the model events were classified based
on their impact parameter b following the technique used
in Ref. [52]. Unfortunately, it was not possible, with the
resources available to these authors, to generate model
datasets of size comparable to those acquired experimen-
tally by the ALICE collaboration. Some of the simulated
correlators presented in this section, particularly the CD
correlators, thus suffer from limited statistics that some-
what hinder comparisons with experimental data. Our
discussion thus mainly focuses on model predictions for
R2 and P2 CI correlation functions and R2 CD correla-
tion functions.
The model predictions were calculated with event and
track selections designed to mimic the data collected by
5the ALICE collaboration. The analysis was performed on
minimum bias events. Unidentified charged hadrons were
selected in the pseudorapidities range |η| < 1.0, the az-
imuth angle range 0 ≤ ϕ < 2pi, and transverse momenta
range 0.2 ≤ pT ≤ 2.0 GeV/c. No experimental filter was
used in the calculation of the correlators given the AL-
ICE data were corrected for particle losses (single particle
detection efficiency) and given resolution smearing and
contamination from background processes were assessed
to be essentially negligible by the ALICE collaboration
in their measurements of the R2 and P2 correlators.
We begin with a discussion of unidentified like-sign
(LS) and unlike-sign(US) charged hadron correlators in
sec. IV A. Charge independent (CI) and charge depen-
dent (CD) correlation functions are presented in sec. IV B
and IV C, respectively. We shall examine, in particu-
lar, whether the R2 and P2 correlators predicted by the
three models features the azimuthal modulations, near-
side peak, and away-side ridge structures observed in
measured correlation functions reported by the ALICE
collaboration [29, 30].
A. LS, US correlation functions
Predictions from the UrQMD, AMPT, and EPOS
models for LS and US R2 correlators are compared to
ALICE measurements in Figs. 1 and 2, respectively.
The measured LS and US R2(∆η,∆ϕ) exhibit simi-
lar features and evolution with collision centrality. Both
correlators feature a somewhat narrow near-side peak,
i.e., a peak centered at (∆η,∆ϕ) = (0, 0), in periph-
eral collisions (70-80%). The amplitude of this peak de-
creases while a strong ∆ϕ modulation, associated with
anisotropic flow, emerges in more central collisions. A
near-side peak with small amplitude remains in US cor-
relations measured in most central collisions while a small
depression replaces it in LS correlations. One also notes
that both LS and US correlators feature a bowed depen-
dence on ∆η on the away-side, i.e., for ∆ϕ ≈ pi.
The UrQMD, AMPT, and EPOS models capture some
of the features and collision centrality trends observed in
the data but overall do not exactly match the observed
correlators. For instance, all three models produce a
near-side peak in LS and US correlators but have vary-
ing successes in reproducing the centrality evolution of
its amplitude and shape in more central collisions. The
UrQMD model is particularly challenged given it does
not reproduce the observed centrality dependence of the
∆ϕ modulations and yields an extraneous ∆ϕ ridge at
∆η = 0 in the three centrality ranges considered. This
dependence is in contrast to results reported in Ref. [46]
where the magnitude of elliptic flow coefficients v2 was
qualitatively reproduced. One notes, by contrast, that
AMPT and EPOS qualitatively reproduce the presence
of ∆ϕ modulations and feature some collision central-
ity dependence but they do not strictly match the trend
observed in the data. They also produce correlation
strengths that are a factor of 3 to 5 too large in peripheral
collisions. Additionally, one observes that both AMPT
and EPOS qualitatively reproduce the presence of the
dip at (∆η,∆ϕ) = (0, 0) in central collisions in LS corre-
lations but also introduce it in US correlations. Interest-
ingly, AMPT and EPOS predict the existence of such a
dip at all centralities for LS pairs. This and the fact that
the predicted amplitudes of the near-side peak, relative
to the away-side, are too small in both models may result
from the lack of an HBT afterburner. However, the weak
strength of the near-side peak, relative to the away-side
correlation amplitude, seen in US correlations measured
in peripheral collisions, is an indicator that both of these
models essentially fail to capture the detailed dynamics
of particle production in A-A collisions.
B. Charge Independent (CI) Correlation Functions
The CI correlators constitute inclusive signatures of
the particle production dynamics and the evolution of
the collision system formed in Pb–Pb interactions. As
averages of the US and LS distributions, they combine
many of the characteristics of these correlation functions.
Predictions of the R2 and P2 CI correlators from the
UrQMD, AMPT, and EPOS models for Pb–Pb collisions
at
√
s
NN
= 2.76 TeV are compared to ALICE measure-
ments [29, 30] in Figs. 3–4. Selected projections of these
correlators onto ∆η are shown in Fig. 5, while projections
onto ∆ϕ are displayed in Fig. 6.
As for the more detailed US and LS correlators, one
finds that the model predictions capture the decrease
in correlation magnitude of R
(CI)
2 observed experimen-
tally for increasing event multiplicity (from 70-80% to
0-5% collision centrality). As already pointed out above,
UrQMD does not appropriately capture the essential fea-
tures of the measured correlations and adds an unob-
served ridge-like structure vs. ∆ϕ at ∆η = 0.0 that
contributes considerably to the differences with respect
to the data. This ridge-like structure may be related
to the shape of the charged particle pseudorapidity den-
sity close to midrapidiy predicted by UrQMD; namely
it shows a maximum at η ∼ 0 instead of a valley in
contrast to results shown in [47]. Moreover, for P2 cor-
relators, UrQMD shows similar amplitudes on the away
and near side at all centrallities that are not observed
experimentally. One also finds that AMPT and EPOS
qualitatively reproduce the emergence of strong ∆ϕ mod-
ulations in mid- to central-collisions but neither of these
models reproduce the correct correlation strength, the
bowed dependence on ∆η at ∆ϕ = pi, or the shape of the
near-side peak in most-peripheral collisions and the near-
side dip in most central collisions. Additionally note that
the models predict a relative away-side strength that ex-
ceeds that observed in the data. Finally, and as seen in
Fig. 5, the three models essentially fail to reproduce the
pseudorapidity dependence of the R
(CI)
2 correlators.
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FIG. 1. Correlators R
(LS)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
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FIG. 2. Correlators R
(US)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
Comparison of the model predictions for P
(CI)
2 are
also rather interesting. One finds that EPOS qualita-
tively reproduces the narrowness of the near-side peak of
P
(CI)
2 relative to that observed in R
(CI)
2 , as well as the
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FIG. 3. Correlators R
(CI)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
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FIG. 4. Correlators P
(CI)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
strong ∆ϕ modulations measured in 30-40% and 0-5%.
It also qualitatively replicates the observed dip measured
at (∆η,∆ϕ) = (0, 0) in most central collisions. The pre-
dicted shape of the away-side is however somewhat in-
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FIG. 5. Projections of R
(CI)
2 and P
(CI)
2 correlators of charged hadrons obtained with UrQMD, AMPT and EPOS event
generators compared to projections of the correlators measured by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN
= 2.76 TeV shown in Figs. 3 and 4. Scaling factors listed for R2 in the left panel apply to the three model predictions.
compatible with that observed in the data, possibly ow-
ing to a mismatch of the harmonic flow coefficient depen-
dence on ∆η. We study this question in more detail later
in this section.
Switching the focus to AMPT’s predictions, one finds
that this model also qualitatively reproduces the relative
narrowness of the near-side of P
(CI)
2 compared to that
of R
(CI)
2 . It also qualitatively reproduce the presence of
strong ∆ϕ harmonics. However, AMPT predicts a very
steep dependence on ∆η on the away-side of P
(CI)
2 , in
most central collisions, which is in clear disagreement
with the measured data. Note that the UrQMD model
produces such a steep dependence on ∆η at all collision
centralities and also lacks the strong ∆ϕ modulations
observed in mid- to central-collisions.
Let us further examine the model predictions for the
R
(CI)
2 and P
(CI)
2 correlators shown and compared to AL-
ICE data in Fig. 3 and 4, respectively. Both the mea-
sured R
(CI)
2 and P
(CI)
2 correlation functions exhibit a
∆ϕ modulation that extends across the full ∆η range
of the ALICE TPC acceptance. We thus focus the dis-
cussion on this modulation by plotting projections of
the predicted correlators onto the ∆ϕ axis in Fig. 6.
First considering the R
(CI)
2 projections, one finds that
the three models predict average correlation strengths
and ∆ϕ modulations that evolve with collision centrality,
but produce average magnitudes and modulation ampli-
tudes that appear to be mutually distinct and in quanti-
tative disagreement with the measured data. We elabo-
rate on this point by performing a Fourier decomposition,
F (∆ϕ) = a0+2
∑6
n=1 an cos(n∆ϕ), of the predicted cor-
relation functions. The functions F (∆ϕ) obtained from
the fits, and the four lower order components, are shown
for both correlators and the three models in Fig. 12, along
with results of similar fits carried out on published AL-
ICE data [53]. The magnitude of the vn =
√
an coeffi-
cients obtained from the fits are shown as a function of
collision centrality in Fig. 12. We find the AMPT pre-
dictions for v2(R
(CI)
2 ) have a magnitude between those
of v2{2} and v2{4} reported by the ALICE collabora-
tion [15], in qualitative agreement with the magnitude of
v2 expected when flow fluctuations and non-flow effects
are suppressed. We find that AMPT also produces v3{2}
and v4{4} coefficient magnitudes in very good agreement
to values reported by the ALICE collaboration. In con-
trast, both EPOS and UrQMD tend to systematically
overestimate all of the measured coefficients.
The measured ∆ϕ modulation of the P
(CI)
2 correlation
function and its dependence on collision centrality is also
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FIG. 6. Projections of R
(CI)
2 (top) and P
(CI)
2 (bottom) correlators of charged hadrons in the range 0.2 < pT ≤ 2.0 obtained with
UrQMD, AMPT and EPOS for Pb–Pb collisions at
√
sNN = 2.76 TeV. The ∆ϕ projections are calculated as averages of the
two-dimensional correlations in the ranges |∆η| < 2. Scaling factors listed for R2 and P2 in the central panel apply to the three
model predictions.
of particular interest. One finds, as shown in Fig. 4, that
the P
(CI)
2 correlator measured in most central Pb–Pb col-
lisions exhibits an away-side double ridge or hump struc-
ture that extends across the full ∆η acceptance. This im-
plies the presence of a very strong v3(P
(CI)
2 ) component
relative to the n = 2 component in that collision central-
ity bin. This and the observed evolution of the Fourier
decompositions of the P
(CI)
2 correlator, compared to ex-
pectations based on a simple flow ansatz, in fact lend
further support to the notion that the observed ∆η cor-
relations are evidence for collective anisotropic flow rela-
tive to the collision reaction plane [30]. It is interesting
to note, however, that the three models produce a fairly
flat away side vs. ∆ϕ, even a small dip at ∆ϕ = pi, in
most central collisions in Fig. 11. Remarkably, the depth
of the dip predicted by UrQMD is the strongest although
this model produces a rather poor ∆η dependence rep-
resentation of the two particle correlation data. It is in-
deed not the presence of the dip that constitute evidence
for collectivity but its near invariance with ∆η and the
quantitative agreement between the observed magnitude
of that (v3) harmonic component in P
(CI)
2 relative to the
flow ansatz. Such (away) ∆η invariance of the ∆ϕ mod-
ulation is qualitatively reproduced by both the AMPT
and EPOS models but these models require further tun-
ing to perfectly match the R
(CI)
2 and P
(CI)
2 correlation
functions reported by the ALICE collaboration.
C. Charge Dependent (CD) Correlation Functions
Figures 7 – 8 present comparisons of UrQMD, AMPT,
and EPOS predictions with ALICE measurements of the
R
(CD)
2 and P
(CD)
2 correlators, respectively. Projections of
the R
(CD)
2 correlators onto ∆η are shown in Fig. 9. The
calculated P
(CD)
2 model correlators shown in Fig. 8 have
small amplitudes and rather limited statistical accuracy.
Their projections are thus of limited interest and are not
shown in this paper. We first remark that all three mod-
els qualitatively reproduce the presence of the prominent
near-side peak of the R
(CD)
2 correlator. Note, however,
that the broad dip centered at (∆η,∆ϕ) = (0, 0) ob-
served in data is associated with Hanbury - Brown –
Twist (HBT) correlations and is thus not expected to
be reproduced by the model simulations discussed in this
work given they do not feature an HBT afterburner. All
three models also produce an away-side tail in most pe-
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FIG. 7. Correlators R
(CD)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
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FIG. 8. Correlators P
(CD)
2 predicted by the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured
by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV for three representative collision centrality ranges.
Correlators are based on charged hadrons in the range 0.2 < pT ≤ 2.0 GeV/c. See text for details.
ripheral collisions. This tail is largely caused by the decay
of resonances. For instance, decays of low-pT ρ
0-mesons
yield nearly back-to-back pions with small ∆η pair sepa-
ration. The models also qualitatively reproduce the pro-
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FIG. 9. Projections of R
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2 correlators of charged hadrons obtained with UrQMD, AMPT and EPOS event generators
compared to projections of the correlators measured by the ALICE collaboration [29] in Pb–Pb collisions at
√
sNN = 2.76 TeV
shown in Figs. 7 and 8. Scaling factors listed in the left panel apply to the three model predictions.
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FIG. 10. Longitudinal rms width of the near-side peak of
R
(CD)
2 correlators (shown in Fig. 7) plotted as a function of
collision centrality. Predictions from UrQMD, AMPT and
EPOS are compared to rms values reported by the ALICE
collaboration [29].
gressive suppression of this tail in more central collisions
owing to an increase of the produced parent particles
average transverse momentum 〈pT〉. However, all three
models fail to reproduce the amplitude of the near-side
peak and its collision centrality evolution. As shown
in Fig. 10, they also poorly reproduce the magnitude
and collision centrality evolution of the longitudinal rms
width of the near-side peak of the R
(CD)
2 correlator. The
measured rms widths (black squares) exhibit a distinct
narrowing, approximately 30%, with increasing collision
centrality whereas AMPT and UrQMD produce peak rms
widths that are independent, within statistical uncertain-
ties, of the collision centrality. The rms σ∆η is calculated
according to σ2∆η =
∑
i
(
R
(CD)
2 (∆ηi)− P
)
∆ηi, where
the sum is taken across all ∆ηi bins and P represents the
correlation pedestal (minimum) evaluated at |∆η| = 2.
EPOS produces a narrowing of the near-side peak but the
widths it predicts are too narrow by approximately 30%.
The excessive narrowness of the peak likely results from
the dominance of corona particles in this EPOS calcula-
tion of R
(CD)
2 . Indeed, the fact that the core component
does not contribute to the correlator given it does not im-
plement event-by-event charge conservation implies the
correlator is dominated by corona particles. Given the
average radial flow imparted to corona particles is much
larger than the average (core), one then observes an ex-
cessive kinematic narrowing of the near-side peak. In the
case of UrQMD, the weak amplitude of the near-side peak
may be in part due to an insufficient number of “high-
mass” resonances. The weakness of the peak observed
in AMPT and EPOS predictions, however, is most likely
due to their incomplete handling of charge-conservation.
Shifting our attention to the P
(CD)
2 correlator predic-
tions shown in Fig. 8, we first note that the model predic-
tions and ALICE data are considerably challenged by the
rather weak magnitude of the 〈∆pT∆pT〉 correlator. We
note, nonetheless, that UrQMD and AMPT both pro-
duce a narrow near-side peak in central collision, albeit
with too weak an amplitude relative to the near-side peak
observed in the data. By contrast, EPOS produces a
narrow valley in lieu of a peak. A negative value of the
〈∆pT∆pT〉 correlator is indicative of the dominance of
correlation between low and high-pT particles (i.e., one
particle below and one particle above the mean 〈pT〉. By
contrast, the ALICE data feature a positive 〈∆pT∆pT〉
correlator, which indicates that correlations are domi-
nated by correlation of particle pairs involving particles
that are both below or above 〈pT〉. Clearly, all three mod-
els require considerable tuning before they can reproduce
12
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FIG. 11. Fourier decompositions of projections of the R
(CI)
2 (top) and P
(CI)
2 (bottom) correlators of charged hadrons in the
range 0.2 < pT ≤ 2.0 obtained in 5% most central collisions simulated with UrQMD, AMPT and EPOS and 5% most central
collisions measured by the ALICE collaboration. Solid lines: Fourier decomposition fits calculated to the 6th order; dash lines:
n =2, 3, and 4 components obtained in the fits. The ALICE collaboration did not report ∆ϕ projections for R
(CI)
2 [29]. Plotted
is the ∆ϕ dependence of the n =2, 3, and 4 Fourier components estimated from published values of the flow coefficients v2, v3,
and v4 [30].
R
(CD)
2 and P
(CD)
2 correlators reported by the ALICE col-
laboration.
V. SUMMARY
We presented comparisons of predictions by the
UrQMD, AMPT, and EPOS models of two-particle dif-
ferential number correlators, R2, and transverse momen-
tum correlators, P2, with data recently reported by the
ALICE collaboration. We find that none of these mod-
els can satisfactorily reproduce the salient features of the
measured like-sign (LS), unlike-sign (US), charge inde-
pendent (CI), and charge dependent (CD) correlation
functions, and their collision centrality evolution, re-
cently reported by the ALICE collaboration. UrQMD
is arguably challenged the most given it is unable to re-
produce the strong ∆ϕ modulation and the nearly ∆η
invariant correlation strength observed with the R
(CI)
2
and P
(CI)
2 correlators. It also grossly underestimates the
magnitude of the near-side peak of the measured R
(CD)
2
and P
(CD)
2 correlators. AMPT produces a qualitatively
better description of the data given that it predicts siz-
able flow-like modulations in R
(CI)
2 and P
(CI)
2 . However,
it also grossly underestimates the magnitude of the near-
side peak of R
(CD)
2 and P
(CD)
2 correlators, as a result
most likely of improper handling of charge conservation.
EPOS produces a relatively good match to the data: It
qualitatively reproduces the shape, strength, and colli-
sion centrality evolution of the R
(CI)
2 and P
(CI)
2 correla-
tors. It also produces a sizable near-side peak in R
(CD)
2 .
However, irrespective of the fact that it does not feature
an HBT afterburner, it is unable to reproduce the magni-
tude of this correlator’s near-side and its narrowing from
peripheral to central collisions. Oddly, it also produces
a sizable correlation dip centered at (∆η,∆ϕ) = (0, 0) in
P
(CD)
2 for 0-5% most central collisions, in drastic contrast
to the peak observed experimentally. Given the structure
of the P2 correlator, this suggests that EPOS overempha-
13
0 20 40 60 80
Centrality(%)
0
0.05
0.1
0.15
0.2
)
(C
I)
2
(R n
,
 
v
{2} 2v
ALICE data
UrQMD
AMPT
EPOS
{2}2v {2}3v {2}4v
{)(CI)2(Rnv
{4}2v
=2760 GeVNNsPb+Pb 
< 2.0 GeV/c
T
0.2< p
0 20 40 60 80
Centrality(%)
0
0.01
0.02
0.03
0.04
0.05
0.06
)
(C
I)
2
(P nv
ALICE data
UrQMD
AMPT
EPOS
{)(CI)2(Pnv
{2}4     v{2}3      v{2}2v
=2760 GeVNNsPb+Pb 
< 2.0 GeV/c
T
0.2< p
FIG. 12. Fourier coefficients vn, with n=2,3,4, extracted from R
(CI)
2 (left) and P
(CI)
2 (right) correlation functions.
sizes correlations between low pT (i.e., pT < 〈pT〉) and
high pT (i.e., pT > 〈pT〉) particle pairs. It is notewor-
thy that through its corona component, EPOS is able
to reproduce a sizable fraction of the observed near-side
peak of R
(CD)
2 , although its core component is not ex-
pected to yield a significant charge dependent correla-
tion strength given the Cooper-Frye mechanism used in
EPOS for hadronization of the hydrodynamics core does
not necessarily conserve charge on an event-by-event ba-
sis.
The AMPT and EPOS models have had great suc-
cesses in reproducing single particle pT spectra, ratios
of particle abundances and their collision centrality evo-
lution, as well as the magnitude of measured flow co-
efficients. In this study, we find that the ∆ϕ modu-
lations predicted by AMPT best match the measured
coefficients, while EPOS tend to slightly overestimate
their magnitude. As such, it is clear that both models
capture much of the production and transport dynam-
ics in Pb–Pb collisions at LHC. Yet, they do not prop-
erly reproduce the key features of the measured R
(CI,CD)
2
and P
(CI,CD)
2 correlators. This most likely stems from
a poor handling, on an event-by-event basis, of charge,
strangeness, and baryon number conservation. This is
rather unfortunate given that measurements of CD cor-
relations, or equivalently measurements of balance func-
tions, potentially have the capacity to inform us about
the production time of up, down, and strange quarks in
AA collisions. Are there two stages of quark production
as postulated in Ref. [24]? Does baryon production and
conservation play a role during the early stages of col-
lision systems evolution, or is the production of baryon
anti-baryon pairs solely a stochastic process taking place
during the hadronization stage of the QGP?
We have shown that the R
(CI,CD)
2 and P
(CI,CD)
2 corre-
lators are quite sensitive to the details particle produc-
tion dynamics and more specifically model implementa-
tions of charge, strange and baryon conservation. Given
CI, CD correlators, and balance functions are in princi-
ple sensitive to the viscosity and the diffusivity of the
matter produced in AA collisions [54], further develop-
ment of theoretical models is required to account for
charge, strange, and baryon conservation so that observ-
ables such as those discussed in this paper can be used to
further our understanding of the properties of the mat-
ter produced in AA collisions and most particularly the
QGP. We stress that inclusion of local quantum num-
ber conservation in a modified Cooper-Frye formula, in
particular, would enable considerable advances in the in-
terpretation of published ALICE results [29, 30] while
techniques to properly implement charged, strange, and
baryon currents ab-initio in hydrodynamics are fully de-
veloped.
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